According to classic theory, species interactions are less important than climatic variation for species ' 16 population dynamics and distributions in climatically harsh regions compared with more climatically 17 benign regions. In boreal ecosystems, the cyclic dynamics of rodents strongly affect many other 18 species, including ground-nesting birds. According to the 'alternative prey hypothesis' (APH), high 19 rodent densities positively affect the abundance of ground-nesting birds due to predator-mediated 20 interactions. We analysed a spatiotemporal dataset of willow ptarmigan (Lagopus lagopus) and 21 rodents to examine how the role of predator-mediated interactions changes along a climatic 22 harshness gradient in comparison with climatic variation. Ptarmigan and rodent data were collected 23 during a national program of line-transect sampling across Norway during 2007-2017. We build a 24 hierarchical Bayesian model to estimate the sensitivity of ptarmigan populations to interannual 25 variation in climate and rodent occurrence. Ptarmigan abundance was positively linked with rodent 26 occurrence, consistent with the APH. Moreover, we found that both rodent dynamics and temporal 27 climatic variation had stronger effects on ptarmigan in colder regions. Our study highlights how 28 species interactions play an important role for the population dynamics of species at higher latitudes 29 and suggest that they become even more important in the most climatically harsh regions. 30 31
Introduction 34
Climatic variability and species interactions both influence spatial and temporal patterns in species' 35 population abundances [1] [2] [3] . An old hypothesis, originally proposed by Charles Darwin, posits that 36 climate is the main determinant of species' range limits in harsh abiotic regions whereas species 37
interactions are a more important determinant under benign abiotic conditions [4] . Range limits are 38 determined by local population growth rates; hence, this hypothesis also implies that population 39 growth rates are more sensitive to climate variability in climatically harsh regions but more sensitive 40 to species interactions in more climatically benign regions. Previous studies have examined changes 41 in demographic and population processes along elevational and latitudinal climatic gradients [5] [6] [7] [8] , 42 but few studies have been able to tease apart the sensitivity of population growth to climate and 43 species interactions over large spatial and temporal scales. 44
In the cold environments of alpine and boreal areas, vertebrate species co-exist in relatively 45 simple food-webs but biotic interactions still exert strong impacts on species' population dynamics 46 [9] . One particular characteristic of northern alpine and boreal ecosystems is the rodent population 47 dynamics, which are characterized by large inter-annual cyclic fluctuations in abundance, with peak 48 years coming at regular intervals [10, 11] . Although still contested, predator-prey interactions are 49 generally regarded as the most parsimonious explanation underlying the cyclic dynamics of rodents 50 in these ecosystems [12, 13] . Deep snow during the boreal winters also affords the rodents 51 protection from predators while the rodents continue to breed, increasing the instability of the 52 rodent dynamics [14] . 53
The population dynamics of many species of alpine and boreal communities, including the 54 avian community, often covary with the rodent cycle phase [14, 15] . One hypothesised reason for 55 this covariation is that ground-nesting birds (such as ptarmigan and grouse, Tetraonidae) and rodents 56 share a similar set of generalist predators, including the red fox (Vulpes Vulpes) and corvids [16, 17] . 57
Based on this observed correlation, Hagen [18] proposed the 'alternative-prey hypothesis' (APH), 58 stating that ground-nesting birds are less vulnerable to predation in peak rodent years because 59 generalist predators switch to feeding on rodents. By contrast, birds suffer greater predation in 60 rodent decline/crash years when there are fewer prey options available to hunting predators. Other 61 indirect interactions based on shared predators, such as apparent competition, typically lead to 62 negative associations among alternative prey [19, 20] . However, here, predator-mediated 63 interactions between rodents and ground-nesting birds are hypothesized to lead to a positive 64 association, such that ground-nesting birds are more abundant in peak rodent years. Indirect effects 65 of rodent population dynamics have been reported in a range of ecosystems, even beyond the 66 boreal, and for a range of alternative prey species [14, [21] [22] [23] . 67
Previous studies have found at least partial support for the main predictions of the APH [14, 68 24]; however, the APH also makes secondary predictions about how the importance of these 69 predator-mediated interactions should change along ecological gradients. In particular, Angelstam 70
[15] predicted that the interactions should be stronger in regions with fewer prey resources because 71 the predators become functionally more specialist, causing tighter linkages between predators and 72 prey. By contrast, in regions where predators have access to a more diverse array of prey species, 73 fluctuations in rodent populations should have weaker effect on the dynamics of predator 74 populations. Indeed, the amplitude of the rodent population cycle is usually lower at lower latitudes, 75 probably due to a stabilising effect of more generalist predators [25] [26] [27] . Based on these arguments, 76 ground-nesting birds might be less affected by the rodent cycle in less climatically harsh areas, where 77 there is a more diverse set of prey resources and weaker linkage between rodents and predators. 78
Montane birds in Scandinavia are reported to be declining in abundance over the last decades 79
[28], but currently the main causes for this decline is not well understood. Willow ptarmigan 80 (Lagopus lagopus) is a resident montane species for which long-term declines are a concern [29]. 81
Previous studies on willow ptarmigan population dynamics have shown that they typically fluctuate 82 in synchrony with the small rodent dynamics [14, 30] . In addition, recruitment rates seems to be 83 affected by weather conditions [30] . Thus, the ptarmigan is a good model species for testing 84 alternative hypotheses about the relative importance of climate forcing and species interactions on 85 species' population dynamics in boreal habitats. In this study, we compared the sensitivity of willow 86 ptarmigan population dynamics to both variability in climate and rodents using a multi-year (2007-87 2017) dataset covering a large geographic gradient across Norway. While the time-series is not 88 especially long, we taken advantage of it being replicated across 725 line-transects. We assumed no 89 direct effect of rodents on ptarmigan, but expected their population dynamics to be linked due to 90 prey-switching of predators as predicted by the APH. Therefore, we used the statistical relationship 91 between rodent abundance and ptarmigan population dynamics as a signal of predator-mediated 92 interactions ( Fig. 1 ). We examined how both inter-annual climatic variability and predator-mediated 93 interactions with rodents change along a climatic harshness gradient, and tested the predictions that 94 emerge based on the classic hypothesis about the relative importance of climate vs species 95 interactions, and the alternative prey hypothesis. We made the following predictions ( Fig. 1) : 96 1) Under the classic hypothesis, we predicted that predator-mediated interactions, and hence 97 rodent population dynamics, would more strongly affect ptarmigan in warmer regions. By 98 contrast, under the APH, we predicted that predator-mediated interactions, and hence 99 rodent population dynamics, would more strongly affect ptarmigan in colder regions, where 100 there are fewer prey sources for predators and greater linkage between predators and prey 101 populations. 102
2) Under both hypotheses, we predicted that population growth would be more sensitive to 103 inter-annual climatic variability in colder regions. Individuals in climatically harsh 104 environments are more likely to be closer to edge of the species' physiological (climate) and 105 ecological (food availability) niche space, which may render them more sensitive to climatic 106 change. 107
3) Finally, we predicted that the standardized effects sizes of rodents on ptarmigan would be 108 generally greater than those of any climatic variables since predation is a major determinant 109 of reproductive success and the willow ptarmigan is well-adapted for life in cold 110 environments. Rodents are the preferred prey of generalist predators such as the red fox, which also prey on 114 ground-nesting birds, such as the willow ptarmigan. In peak rodent years, ptarmigan are mostly 115 ignored by predators; by contrast, in crash rodent years, ptarmigan are more frequently predated. we applied a buffer of 200 m and intersected the transect data with the climate data. With these 160 data, we characterised the spatio-temporal variation in climatic conditions during spring (prior to and 161 at the start of the breeding period) and winter (marking the end of the breeding period). Specifically, 162
we calculated: 163 1) Spring onset -first year day with a rolling 7-day mean snow depth of zero. We use the term 164 'spring' loosely since snow cover did not completely disappear until summer in some regions. Ptarmigan density ( , ) was modelled in two different ways. In a first model ("random-effects 217 model"), we modelled the ptarmigan dynamics using a series of random effects that reflected the 218 spatial and temporal structure of the data. These random terms were year, transect, survey region 219 and survey region-year. We used this model to make predictions of the realized ptarmigan dynamics, 220 without explicitly specifying the underlying ecological covariates. 221
In a second set of models ("mixed-effects model"), we tested the additive effects of the two main 222 ecological variables of interest: rodent occurrence and climate (the following climatic variables were 223 tested in separate models: winter temperature, winter onset, spring temperature, spring onset) as 224 well as the interaction between rodent occurrence and the spatial climatic variable. We modelled 225 spatial (i) and temporal (t) variation in ptarmigan density as: 226
228
where , −1 accounts for temporal autocorrelation in ptarmigan density among consecutive years. L 229 and SR were normally-distributed random effects with mean zero and estimated variance to account 230 for the spatial grouping of data into line-transects (L) and survey region (SR). CS and CT were 231 covariates for the spatial gradient in climate and temporal anomalies for the climatic variable, 232 respectively. Two coefficients for rodents (R) tested the effects of rodent occurrence immediately 233 preceding the ptarmigan survey (during the same year, t) and a lagged effect of rodent occurrence 234 (during the previous year, t-1). 235
The most important parameters of our model were the interaction terms, testing the core 236 hypotheses of interest. The interaction terms were: (1) between CS and CT to test whether the effect 237 of annual climatic anomalies changed along the gradient or (2) between CS and R (of the same year) 238 to test whether the effect of rodents changed along the climatic gradient. predict the interannual variability, as well as the spatial pattern in this variability based on the raw 248 data on rodent observations. Modelling rodent occurrence allowed us to account for missing data in 249 the rodent dataset. Additionally, we predict rodent occurrence at the level of the survey region 250 rather than transect, which mean meant smoothing over reporting and ecological variation at the 251 transect level. This decision could be justified by the spatially autocorrelation in rodent populations 252 and the fact that highly-mobile predators are not likely affected by fine-scale variation. Hence, the 253 rodent submodel was: 254
Models were fitted using JAGS within R version 3.6.1. We used three MCMC chains, ran for 200,000 256 iterations, discarding the first 50,000 as burn-in. We used uninformative priors or weakly informative 257 priors. We assessed model convergence using MCMC chain traceplots and the Gelman-Rubin R-hat 258 statistic (all <1.1). Covariates were centered prior to analysis. Covariate effects were inferred when 259 the 95% credible intervals did not overlap zero. Code for the fitted model is available in the SOM. 260 261 Results
262
Data description 263
The 725 line-transects were distributed along a long latitudinal gradient across Norway ( Fig. 2A) . 264
Along each transect, a mean of 2.6 groups were observed (range = 1-18), with a mean of 4 (1-35) 265 individuals seen per group. As expected by distance-sampling theory, the frequency of observations 266 declined with increasing distance from the line-transect (Fig. 2B) . The average effective strip width 267 was 107 m (range = 72-139 m). Sigma of the half-normal distribution was positively affected by 268 group size and the estimated effective strip width was, on average, 95 m for the smallest group size 269 of 1 and, on average, 126 m for the largest group size of 35. Therefore, we included group size in the 270 observation model for further analysis (Fig. 2B) . 
Climatic, rodent and ptarmigan population variation 279
Both climate and rodents showed large and generally spatially synchronized fluctuations (Fig. 3) . Our 280
11-year dataset spanned c. 2.5 rodent cycles (Fig. 3) . The probability of rodent occurrence increased 281 along the climatic harshness gradient, driven by greater occurrence in peak years within colder 282 regions (Table S1 ). For instance, in the first peak rodent year, during 2010/2011, mean rodent 283 presence across transects was 40% in the region of the warmest quantile (as assessed by winter 284 temperature) but 66% in the coldest. In the second peak rodent year, during 2014/2015, rodent 285 presence was 17% in the warmest and 39% in the coldest. ptarmigan density (abundance per km 2 ) as predicted by the random-effects models. In the analysis, 290 the spatial climatic gradient was treated as a continuous variable but for presentation purposes, we 291 divided here the spatial climatic gradient into 4 quantiles with equal numbers of transects within 292 each. Lines shown are means for each of the 37 survey regions (for simplification of presentation, 293 averaged over the 725 transects). Fig. S1 shows the time-series for the other climatic variables. 294 295
Mean effects of climatic and rodent fluctuations on ptarmigan populations 296
Ptarmigan density was higher in less climatically harsh regions; specifically, in regions with later 297 winter onset and warmer winter temperatures (spatial effects of climate shown in Fig. 4) . Similarly, 298 temporally, ptarmigan density increased in years with later winter onset, as well as warmer spring 299 and winter temperatures (temporal effects of climate shown in Fig. 4 ). Effect sizes for winter 300 temperature and winter onset were generally larger than those for spring temperature and spring 301 onset. Ptarmigan density was positively associated with rodent occurrence of the same year, but 302 negatively associated with rodent occurrence in the previous year (Fig. 4) . 
Changes in the effects of climatic and rodent fluctuations along the climatic harshness gradient 313
The statistical effects of rodent occurrence probability on ptarmigan densities were more positive in 314 more climatically harsh areas compared with more climatically benign areas (Fig. 5) . In fact, the 315 predicted effects of rodent occurrence were close to zero in regions with the warmest winters and 316 springs, and earliest springs, but were strongly positive in the regions with the coldest winters and 317 coldest and latest springs. In the case of winter onset, similar positive effects of rodent were found 318 along the whole spatial climatic gradient and there was no significant interaction (Fig. S2) . 319
The effects of temporal climatic variability also tended to increase along the climatic harshness 320 gradient, but only when the gradient was described in terms of season onset (Fig. S2 ). In regions with 321 earlier winters and later spring, there were positive effects of temporal climate variation, but not in 322 regions with later winters and earlier springs (Fig. 5) . For spring and winter temperature, temporal 323 variability was similarly important for ptarmigan across the whole climatic gradient. population dynamics is central to current research in population ecology. We outlined two different 335 hypotheses about how the strength of species interactions might vary along a climatic gradient, and 336 tested our predictions using a large-scale dataset on the willow ptarmigan. Our results suggest that 337 the impact of predator-mediated interactions on willow ptarmigan increase along the climate 338 gradient, indicated by more strongly positive signals of rodent occurrence in colder areas. Hence, our 339 results were consistent with predictions stemming from the alternative prey' hypothesis (APH) rather 340 than the classical view of how species interactions change with increasing climatic harshness. 341
Our results support our main prediction based on the 'alternative prey' hypothesis (APH): a 342 stronger link between rodent fluctuations and ptarmigan dynamics in colder regions. According to 343 the APH, shared predators are expected to prey-switch towards rodents, and away from ptarmigan, 344 when rodents are more abundant [15, 18, 24] . We found that ptarmigan were more abundant during 345 years with more rodents, which would be consistent with lower predation pressure. Hence, our 346 results are consistent with the APH, previously tested over smaller-scales [24, 26, 34, 35] be at odds with the classic prediction of stronger species interactions at the warmer end of a species 360 range [4], but this prediction arises from the assumption that the occurrence and abundance of 361 interacting partners is greater in warmer regions. Although this is likely to be true in many scenarios, 362 in our case rodents showed greater peaks in occurrence in colder regions. Indeed, other studies have 363
shown an increase in the amplitude of rodent dynamics from southern to northern Fennoscandia [9] . 364
Hence, our results are consistent with species interactions being important in areas where potential 365 interacting partners are more common. 366
Another factor likely to affect the changing importance of species interactions is whether 367 they are between specialist or generalist species. When interactions involve specialists, they can be 368 important over the whole distributional range of an organism [42] . Although none of the interactions 369 between ptarmigan, rodents and predators are intrinsically specialist, they may be regarded as 370 functionally specialist in cold regions due to the relatively low number of species in the food web. 371
Since interaction networks at high latitudes tend to be often more specialised [43] , other type of 372 indirect interactions may also become more important in more northerly regions. 373
We also found that interannual climatic variability had a greater effect on ptarmigan 374 populations in colder regions. In colder regions, effect sizes of climatic variability were largely similar 375 to those of rodent occurrences, suggesting similar importances. Climatic effects may be direct and 376 related to species' physiology, or more likely indirect and related to climate-caused changes in the 377 availability of resources or suitable habitat. Since extreme conditions may expose an organism to the 378 edge of its niche space, climatic variation at the colder edge of a species' range should be more likely 379 to affect its population growth; however, this has rarely been tested [44] . One exception is a recent 380 meta-analysis [45] that found that temperature generally had positive effects of population 381 abundance but found no evidence that this effect varied over latitude. However, this meta-analysis 382 was based on a heterogeneous dataset of different species and habitats, which might make such 383 effects harder to detect. We provide more convincing evidence that temporal climatic fluctuations 384 become more important for species towards the colder edge of their range, even for a well-adapted 385 montane species such as the willow ptarmigan. 386
High-altitude or -latitude organisms are among those most strongly exposed to climate 387 change [46] . Our findings help understand the main pathways through which climate change may 388 affect the population dynamics of ptarmigan, including the direct effects of warming versus indirect 389 effects mediated through predators [47, 48] . Ptarmigan benefit from warmer and earlier springs, 390 hence, climate change, at least in the short-term, may have some positive effects [49] . However, 391 changes in predation pressures mediated via rodents are likely to be more important. One predicted 392 consequence of climate change is a dampening of the rodent cycles [14] . Dampening cycles could 393 mean no or less frequent years of high rodent abundance, which offer ptarmigan temporal refuges 394 from predation. Hence, a warming climate may lead to a more constant rate of predation pressure 395 on ptarmigan, lowering population growth rates. However, dampening of the cycles might also 396 reduce the long-term abundance of predators, lowering predation pressure on the ptarmigan [12] . 397
Our analysis has several limitations. First, the rodent data was only collected as a binary 398 presence/absence variable along each line-transect and hence may not fully reflect changes in the 399 relative abundances of rodents among years. Nonetheless, the patterns in the proportion of rodents 400 seen across transects showed the expected large-scale synchronised cycles consistent with other 401 data [50] . Second, although we can reasonably infer the interaction between ptarmigan and rodents 402 to be caused by shared predators, data on predators would also help better understand the links 403 between predator abundance and prey preference, and alternative prey availability, and compare 404 the functional and numerical responses [24] . Last, our analysis only focused on changes in the 405 strength of one specific type of species interaction. Willow ptarmigan may be involved in various 406 other types of species interactions (e.g., competition with other herbivorous species), which differ in 407 their strength along the climate harshness gradient. Hence, cumulatively, species interactions could 408 still be more important at the warmer edge, both elevationally and latitudinally, of its distribution. 409
Our analyses suggest that predator-mediate interactions become even more important in the 410 colder regions of boreal ecosystems, contrary to the classic view that species interactions are more 411 important at the warmer-edge of species' distributions. The role of predator-mediated interactions 412 along a climatic gradient are more generally likely to depend on the diet breadth of predators and 413 availability of different prey types. The rodent cycles -regarded as the heartbeat of the boreal -414 cause changes in prey availability that lead to predator-mediated interactions for alternative prey 415 species. Long-term dampening of the rodent cycles, predicted to arise due to climate change, is likely 416 to have widespread repercussions for the dynamics of many other species in the boreal, especially 417 ground-nesting birds such as the willow ptarmigan. 
